Abstract. Ectopic bone formation (EBF) is frequently found in various tissues and affects the prognosis of diseases accompanied by EBF. Although the mechanism of EBF remains unclear, several local factors that influence the progression of EBF have been proposed. We have been focusing on the role of mechanical stress as a local factor in EBF in spinal ligament tissues, that is, ossification of the posterior longitudinal ligament (OPLL), which causes serious neurological deficiencies. Transcriptome analyses revealed that the expressions of several marker genes related to bone remodeling were enhanced after exposure of ligament cells derived from OPLL patients (OPLL cells) to cyclic stretching as a type of mechanical stress. However, no significant alterations in gene expressions were detected after cyclic stretching of ligament cells derived from non-OPLL patients. OPLL cells exposed to cyclic stretching released several autocrine / paracrine factors that are known to mediate bone remodeling. These results suggest that OPLL cells have been transformed into cells that are highly sensitive to mechanical stress, which may induce the progression of OPLL. These observations provide information regarding the role of mechanical stress in the process of EBF.
Introduction
Ossification of the posterior longitudinal ligament of the spine (OPLL) is characterized by ectopic bone formation in the spinal ligament. It is a common disease in Japan and throughout Asia (1) . OPLL compresses the spinal cord and its roots, leading to various degrees of neurological symptoms, from discomfort to severe myelopathy. As an established therapy, surgical treatment is often applied to OPLL patients, although it is still associated with problems such as a higher risk of neurological complications (2) . Therefore, the development of a safe and effective drug therapy is required. However, the mechanism involved in promoting the ossification remains to be elucidated. In this review, we will discuss a possible role for mechanical stress in the progression of OPLL from the molecular aspect.
Characterization of spinal ligament cells derived from OPLL patients
Spinal ligament cells derived from OPLL patients (OPLL cells) have been reported to possess several phenotypic characteristics of osteoblasts, that is, in vitro calcification and high alkaline phosphatase (ALP) activity in cultures (3), compared with normal spinal ligament cells. OPLL cells, but not non-OPLL cells (i.e., cells derived from other cervical diseases with no relation to OPLL), respond to transforming growth factor-β (TGF-β) (4), bone morphogenetic protein-2 (BMP-2) (5), insulin-like growth factor-I (6), connective tissue growth factor (7), prostaglandin I 2 (PGI 2 ) (8), and parathyroid hormone (9) . An immunohistochemical study of ossified ligament tissues from OPLL patients showed enhanced expressions of osteogenic protein-1/ BMP-7 and its receptors (type-IA, -IB, and -II recep-tors) (10) . To confirm the characteristic differences between OPLL and non-OPLL cells, we tested whether these cells exhibit mineralization upon culture in osteogenic medium. After exposure to osteogenic medium, the matrix around OPLL cells began to mineralize and crystals appeared on the collagen fibers within 4 weeks accompanied by high ALP activity. In contrast, non-OPLL cells did not show these morphological changes. These observations are consistent with the hypothesis that OPLL cells have been transformed into osteoprogenitor cells.
Responses of OPLL cells to mechanical stress
OPLL is often associated with concurrent ossification of other spinal ligaments. It has been regarded as one of the manifestations of diffuse idiopathic skeletal hyperostosis (DISH) (11) and ankylosing spinal hyperostosis (12) . Therefore, systemic factors have been considered to play roles in the pathogenesis of OPLL. On the other hand, several lines of clinical evidence have suggested that mechanical stress acting on the ligaments is important as one of the local factors for the progression of OPLL (13 -15) . To explore the latter possibility, we investigated the effect of mechanical stress on ligament cells by comprehensive analyses, including DNA microarray and differential display RT-PCR methods. As a mechanical stress that may act on ligament tissues, cyclic stretching was loaded on ligament cells attached to the bottom of a deformable culture chamber (Fig. 1) . The expressions of various marker genes related to bone remodeling were up-regulated by cyclic stretching in OPLL cells (Table 1) , but not in non-OPLL cells. These results suggest that OPLL cells have a higher sensitivity to mechanical stress than non-OPLL cells and that the genetic backgrounds of OPLL and non-OPLL patients differ.
Mechanical stress-induced production and release of autocrine / paracrine factors Members of the fos-jun proto-oncogene family involved in the specification and modification of morphogenetic plans are thought to be modulated by various cytokines (16) . These cytokines and their receptors have been suggested to mediate the progression of OPLL (5, 7, 8, 10, 17 -21) . For example, TGF-β stimulates ALP activity through the induction of connective tissue growth factor (7) . A transcriptome analysis revealed that cyclic stretching enhanced their expressions in OPLL cells ( Table 1) . Addition of BMP-2 or conditioned medium from OPLL cells exposed to cyclic stretching enhanced the expression of ALP in OPLL cells, and this effect was significantly blocked by an anti-BMP antibody (20) . As suggested by the cyclic stretch-induced PGI 2 synthase expression (Table 1) , enhanced release of prostacyclin was observed in OPLL cells (8) . Furthermore, addition of beraprost, a stable Fig. 1 . Application of mechanical stress by uniaxial cyclic stretching. Ligament cells were cultured on a deformable silicon chamber coated with gelatin. After reaching confluence, the cells were subjected to uniaxial cyclic stretching. After different periods of cyclic stretching, gene expression analyses were performed.
analog of prostacyclin, stimulated the expressions of osteogenic marker genes. Beraprost induced an oscillation of the intracellular calcium concentration in OPLL cells (Fig. 2) , and c-fos activation and drugs that inhibited this oscillation concomitantly diminished the expressions of osteogenic marker genes and c-fos activation induced by beraprost (K.-I. Furukawa et al., unpublished observation, 2005). These observations suggest that mechanical stress accelerates the progression of OPLL via the production of various cytokines that initiate the activation of a signaling pathway through c-fos and intracellular calcium mobilization.
Conclusion
Mechanical stress is thought to play a key role in the progression of OPLL, at least in part through promoting the autocrine / paracrine mechanism of several cytokines involved in this lesion. The effects of mechanical stress on OPLL cells are presumed to be an initial step in the mechanically-induced ossification processes. These data may provide some insights into the role of mechanical stress in the ectopic bone formation found in other tissues. Mean ratio: ratio of the signal of a stretched sample to that of a nonstretched sample in four OPLL cells. Health, Labour, and Welfare. I also thank The Karohji Memorial Aid for Medical Study and Hirosaki University Educational Improvemental Promotional Aid for financial support.
